Abstract: This study provides a new method for non-linear robust adaptive excitation controller design for power systems. This method can be developed by using the back-stepping technique, but needs fewer conditions than the conventional methods, which is more desirable in power systems. This method is guaranteed to be robust in the presence of model errors and disturbances, and will adapt to uncertain parameters. Meanwhile, the overparameterisation problem that usually appears in some adaptive methods is avoided. Simulations on a 4-machine-2-area power system and the East China power system demonstrate the effectiveness of the suggested method.
Introduction
As an effective way to control synchronous generator and stabilise power systems, excitation controller design has attracted extensive attention [1 -7] . Many advanced theories and technologies, such as the exact feedback linearisation method, have been proposed [8 -12] . With the help of the linearisation techniques, non-linear dynamical systems can be transformed into linear ones, and thus various mature linear control methods can be effectively used. However, the details of dynamic models must be known exactly when the exact feedback linearisation techniques are used. It is very difficult to perform this task since some errors and external disturbances always exist in power systems; in addition, there are also some uncertain parameters. For example, the damping coefficient and the synchronous reactance of a synchronous generator cannot be easily measured, and the systems are usually subject to short faults and so on.
In order to solve the stability problem of power systems when there are uncertain parameters, adaptive control theory was introduced to design new excitation controllers. For the purpose of maintaining the terminal voltage of a synchronous generator in an acceptable range when the operating conditions of power systems changed in a large scale, a self-tuning adaptive regulator was designed [13] . In [14] , the linear optimal theory was applied to design an adaptive excitation controller such that the operating conditions of the system can be tracked; it is essentially a model-reference adaptive controller. Moreover, another adaptive excitation controller was designed in [15] to make the synchronous generator adaptive to the varying external interconnection parameters, for example, the equivalent reactance of transmission lines. Similar to those works, robust adaptive control (RAC) has become another focus and there are fruitful results in the literature [16 -20] . The method presented in [16] is excellent by using the idea of back-stepping and certainty equivalent principle [21] ; the key step is to find a Lyapunov function for the system states and the uncertain parameters, so that the parameterdependent terms can be cancelled out from the time derivative of the Lyapunov function. However, if the uncertain parameter and the control input do not enter the same integrator, the cancellation of the parameterdependent terms must be achieved by a dull and complex deduction. An improvement was made in [21] , where a new method was provided to break the certainty equivalent principle, such that the uncertain parameters and the control input need not enter the same integrator. However, the model errors and external disturbances which usually exist in power systems are still not taken into account, and moreover, the method will not behave effectively when the controlled systems are in more common forms.
Motivated by the above observation, a new method for non-linear robust adaptive excitation controller (RAEC) design is provided in this paper. This method can also be developed by the back-stepping technique, and has the advantages of the method shown in [21] . However, our method is easier to achieve and can overcome the problems such as over-parameterisation which usually appears in the conventional methods. Moreover, compared with the method presented in [21] , our method relaxes some requirements to the controlled systems such that it can be applied to a large amount of non-linear systems which can be transformed into parametric feedback form. Furthermore, the suggested controller is robust to the model errors and external disturbances, and is adaptive to the uncertain parameters as well.
The rest of the paper is organised as follows: in Section 2, the controlled system model is established, Section 3 presents the suggested non-linear RAEC, Section 4 talks about computer test studies and the conclusions are summarised in Section 5.
Problem formulation
Assume that there is an interconnected power system consisting of N generators. As is well known, with proper assumptions, the ith generator can be represented by a third-order model
where
and D i3 are bounded model errors and external disturbances. Further information about this model can be found in [22] . In this model, D i , X di and X ′ di are supposed as uncertain parameters, because the damping coefficient is hard to be exactly measured, and the reactance X di and X ′ di will change slowly because of the saturation effect. The excitation voltage E fi is the control input of this model, and the objective of the controller is to regulate E fi to drive the angle d i and speed v i of the generator to a small neighbourhood of a constant stable operating point, for example, the pre-fault operating point. Meanwhile, the controller must be robust to D i2 and D i3 , and is adaptive to D i , X di and X ′ di as well.
Firstly, we introduce the following coordinate transformation
where d i0 and v i0 are the pre-fault power angle and the speed of the ith generator, respectively; they also represent a stable operating point of the generator. Then in the new coordinate, (1) can be transformed aṡ
where u i is the virtual control input of system (3), and it can be expressed as
The other notations in system (3) can be expressed as If we further introduce the following functions
then (3) can be transformed into standard parametric feedback form [23] aṡ
where n represents the order of the system, here n ¼ 3 and x n+1 ¼ u i . From (4) it can be known that f i , g i and f i are all smooth functions. u i represents the uncertain parameter and d i is the bounded model error or external disturbance. The objective of our suggested controller is to design the control input u i , such that the system state x i can be driven to the small neighbourhood of a given equilibrium, say x * i ; in this paper, the equilibrium is the pre-fault stable operating point of the generator which is represented by d i0 and v i0 [3, 11] .
Controller design
Observe (5); we can easily find that in order to design RAC for the system, we have two problems to solve. First, we should design adaptive laws for the uncertain parameters represented by u i (1 ≤ i ≤ n) such that the effectiveness of the controller will not be affected by these parameters at all. Second, we must find a control law for the control input represented by x n+1 ¼ u i , and with this input all the system states x i (1 ≤ i ≤ n) can be driven to converge to its equilibrium value represented by x * i , or at least to a small neighbourhood of x * i . Moreover, we also need to demonstrate that the controller will be robust to the model errors and external disturbances which are not
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IET taken into account in other conventional methods such as the one in [21] . We will solve these problems in the following two subsections.
Adaptive law for the uncertain parameters
In order to handle the uncertain parameters, we first defineû i as the estimation to the uncertain parameter u i , and define z i as the estimation error; hence it can be expressed as
Then the error dynamic for u i is given bẏ
becauseḃ(·) can be expressed aṡ
It is obvious that, if f i ( . ) is an explicit function of the system states, thenḃ(·) can be rewritten aṡ
is an implicit function of the system states, theṅ b(·) can be in another form aṡ
Obviously, (9) is a special case of (10); in other words, (∂f i / ∂t)x i is equal to zero in (9). Therefore whatever the form of f i ( . ) is in, we can choose the adaptive law for the uncertain parameter aṡ
Substituting (11) into (6) yieldṡ
and thus an important inequality can be derived as
where 1 i is a positive constant, and the proof of the inequality is given in [21] .
Remark 1:
It is different from the method presented in [21] that in our method the definition of function b( . ) is much easier; that is, even if function f i ( . ) is not an explicit function of system states as shown in [21] , b( . ) can be still easily defined in our manner. In fact, just as described in the following subsection, function f i ( . ) is usually an implicit function of systems states in power systems. Therefore our method is more reasonable and can be applied to more systems in much more common forms, especially power systems.
Robust adaptive control law for the control input
Define a new coordinate as
and a function as
where www.ietdl.org
Then we have a theorem as follows Theorem 1: Suppose that g i (x 1 , . . ., x i ) = 0 holds for all i ¼ 1, 2, . . ., n, then we can define the control input as
where all the notations can be found in (6), (11), (14) and (15) . With the control input defined as (16) and adaptive law defined as (11), system (5) will be stable and all the closed-loop signals will be bounded.
Proof: Consider a quadratic function as follows
The time derivative of (17) can be expressed aṡ
− a n (x 1 , . . . ,x n )x n + n 4g
From (13), (14) and (15), (18) can be rewritten aṡ
Thus we can choose a candidate Lyapunov function for the whole system (5) as
From (13), (17) and (19), we arrive at the following resultṡ
Obviously, the stability of the candidate Lyapunov function depends on the right-hand side of (21) still prove that the system is stable and all the system states (x i ) and estimation errors (z i ) will be bounded. The proof is as follows:
Rewrite (20) as
From (21) we havė
where l ¼ nd max
2
. 0, and d max is the least upper bound of all d i (1 ≤ i ≤ n). Then from (13) we can see thatV 2 , 0; therefore from Barbalat's theorem [23] , it can be known that there exists a V 20 satisfying that V 2 (t) V 20 when time t approaches infinity. In other words, there exists a time constant, say T 1 , satisfying that when time t . T 1 , the following inequalities hold
Now we can show that there exists a small neighbourhood of the origin, say V, such that the trajectories of all the system states (x i ) and the estimation errors (z i ) will enter V. Conversely, if the trajectories are outside of V, thenV , 0 holds and all the trajectories will go back to V again.
Define the above-mentioned neighbourhood V as
Thus, if the trajectories of all the system states and the estimation errors are outside of V, we have
Then from (24), the following inequality holds
Since the maximum value of V 1 is an increasing function with respect to d k , thus from (27) it can be derived that w(x) ≤ −d k . Therefore from (23) and (25) it can be easily known thatV is a negative definite function. Now we can reach a conclusion that there exists another time constant, say T 2 , such that (x i , z i ) [ V is satisfied when time t . T 2 . In other words, the trajectories of the system states (x i ) and the estimation errors will enter V and always reside in it.
Moreover, if all the trajectories enter V, the following inequality holds
From (24) it can be known that there exists another k function independent of d max , say C, and another time constant T 3 satisfying T 3 . T 2 such that ||x i || ≤ C(||d ||) when time t . T 3 , which means thatx i will be ultimately bounded.
To sum up the above paragraphs, when there are model errors and external disturbances existing in system (5) , that is, d = 0, we can still prove thatV is a negative function, and the trajectories of the system statesx i and the estimation errors of the uncertain parameters z i will be finally bounded in a set; in other words, the system (5) will be ultimately stable and x i can converge to a small neighbourhood of x * i . A
Remark 2:
From the above proof of Theorem 1, we can see that all the variables and system states can be defined independently with each other. Compared with the conventional back-stepping methods, the controlled systems in our method can be in much more common forms, that is, the control input and the uncertain parameter need not enter the same integrator. Therefore the over-parameterisation and complexity problems of the controller can be avoided.
By now, it can be known that with the RAC input expressed by (16) and the adaptive law expressed by (11) for the uncertain parameter, system (5) will be stable and all the closed-loop signals x i and z i will be bounded. Finally, the non-linear robust adaptive excitation control law for the ith generator expressed by (3) can be derived by
where u i can be expressed according to (16) .
Remark 3:
The model of the synchronous generator is based on local dynamic information; hence the controller can be local and decentralised, and it is independent of network topology and load conditions. hence the controller cannot be achieved according to the method presented in [21] . In our proposed method, b 3 ( . ) can be easily defined, and the effects ofİ di andİ qi on the adaptive law for u i3 can be taken into account.
Remark 5:
Because it is difficult to obtain the analytical solutions ofİ di andİ qi , we can use a tracking differentiator, which can track the differential of the input signal with high precision and fast convergence speed [24] , to obtain the tracking signals ofİ di andİ qi , and the errors caused by this approximation will be taken into the model errors d.
Computer simulation studies
A computer test has been conducted on a 4-machine-2-area power system and the East China power system (ECPS) to verify the effectiveness of the suggested controller. For the sake of comparison, the controlled generators are modelled as (1) and they are firstly equipped with conventional controllers, that is, AVR + PSS; the effect of governor will be also considered in the latter system, and all the parameters of these controllers have been optimised for good performance. Then all the controllers will be replaced by the suggested RAEC whose parameters are carefully selected by a heuristic method. The saturation effect of the excitation controller is taken into account, that is, the upper and the lower bounds of the excitation input are 6 and 0, respectively.
4-machine-2-area power system
The single-line diagram of the system is shown in Fig. 1 , and the data of this system can be found in [22] . In the simulation, all generators are represented by the third-order model with (d i , v i , E ′ qi ) as state variables. The loads are represented by the constant impedance model. The fault considered in the simulation is: the system runs without any fault for 5 s, then a three-phase short fault happens on one of the line 3-101 near bus 3 and continues for 0.1 s and finally the fault will be cleared.
Rotor angles of all the generators are shown in Fig. 2 ; the upper one is under the conventional controllers and the lower one is under the RAEC.
From Fig. 2 we can see that the suggested controller (RAEC) behaves very well in improving transient stability when the system is subject to a large disturbance. The RAEC can damp angle swings much more quickly than the conventional controllers. The slight swings in the nofault stage are caused by the uncertain parameter estimators, and the effect is very small.
Uncertain parameters estimation results of generator 1 are shown in Fig. 3 . In the simulation, the initial values for these two uncertain parameters are both equal to zero. From Fig. 3 it can be seen that the suggested estimator can converge very quickly and finally to constants. Machine excitation voltages of all four generators are shown in Fig. 4 .
From the above figure, we can see that, in the pre-fault period, the controllers are affected by the estimator of the uncertain parameters, but to a lesser degree. After the large disturbance, although the output limiter force the controllers to supply a saturated signal, but the responses are still very quickly and convergence to the stable value in a very short period. Terminal voltages of all four generators are shown in Fig. 5 , from which it can be easily seen that the terminal voltage of every generator quickly converges to an acceptable range, that is, 0.9 -1.1 p.u.
East China power system
ECPS covers only 4.9% territory of China, but possesses 18.9% population of the country. The system contains five provinces such as Jiangsu, Shanghai, Anhui, Zhejiang and Fujian (as shown in Fig. 6 ), which are the most developed parts of China, while the provinces are all the poorest ones in the area of energy resources. In order to meet the huge demand for electricity, ECPS sets up many tie-lines and imports plenty of electricity from external systems. Therefore it is a typical receiving end system. By the year 2015, the bulk grid composed of 500 and 220 kV transmission lines will consist of 502 machines, 881 buses, 723 branches including several 1000 kV transmission lines, eight two-terminal HVDC tie-lines, and will be with summer peak load exceeding 185 000 MW, and will totally receive more than 44 000 MW power from the external systems through AC/DC tie-lines.
The results of the N 2 1 transient stability test on ECPS demonstrate that, in most cases, the system can maintain stability. However, in several cases when the system is with heavy loads, some generators will lose synchronisation with others. In this subsection, two cases that will cause transient instability of ECPS are studied in order to demonstrate the effectiveness of the proposed controller. The fault considered in the simulation is: the system runs without any fault for 5 s, then a three-phase short fault happens on a 500 kV line and continues for 0.1 s and finally the fault will be cleared by tripping the faulty line. Obviously, the fault is more serious than the one considered in last subsection.
Case 1: Fault happens on a line in Jiangsu province. By simulation on ECPS, we find that the load margin of Jiangsu province is very low, which means that if we increase the load level by a very small proportion of the base load level, the system may subject to a transient instability problem. For example, if we define all the loads in Jiangsu province as constant impedance model, and increase the load level by 2.5% of the base load level, and apply the expected fault on a 500 kV transmission line (from bus 10 650 named Yangcheng1 to bus 10 064 named Yangcheng2) in Jiangsu as shown in Fig. 7 , then the responses of the system are shown in Fig. 8 .
From Fig. 8 it can be seen that the fault will lead the system to lose stability; the generators at bus 10 711, 10 713 and 10 714 will lose synchronisation with each other.
The RAEC is then equipped on the transient instable generators to replace the conventional AVR + PSS controllers, and simulation results demonstrate that the RAEC can stabilise the voltages and machine angles of the system. In addition, even though the load level in Jiangsu province is increased by 10% of the base load level, the RAEC can maintain the stability of the system; the results are shown in Figs. 9 and 10. Comparing the maximum value and the minimum value of the machine angle in Figure 4 Machine excitation voltages Figure 5 Terminal voltages of all four generators www.ietdl.org Fig. 10 , it can be seen that the relative angle swing is less than 1808. Therefore we can conclude that the RAEC cannot only effectively improve the transient stability level of the system as well as the voltage stability level, but also increase the load margin.
Case 2: Fault is applied on a transmission line in Shanghai. Shanghai province is also suffering the same problem like Jiangsu province, but the loads in Shanghai consists of 20% induction motor and 80% ZIP loads. If we increase the load level by 6% of the base load level, and apply the expected fault on a 500 kV transmission line (from bus 10 217 named Sijing to bus 20 308 named SHANGHXG) in Shanghai as shown in Fig. 11 , then the responses of the fault are shown in Fig. 12 .
From Fig. 12 , we can see that the internal fault in Shanghai grid will affect the external generators in Sichuan grid through the UHV tie-lines, and finally lead several generators in Shanghai and Sichuan to lose stability. Obviously, if we do not take any measures to control the instable generators in Shanghai grid, the stability of the whole interconnected system in China will be destroyed.
The RAEC is then equipped on the transient instable generators, and simulation results are shown in Figs. 13 and 14. It can be seen that, compared with the case of Jiangsu province, the RAEC is robust to the variation of loads model. Meanwhile, the RAEC can also maintain the transient stability, and guarantee the voltages to converge to a reasonable value in very short time.
Finally, take the case of Jiangsu province for example; uncertain parameters estimation results of generator at bus 10 711 are shown in Fig. 15 . It can be seen that although the first swing of the estimators are very large, they will www.ietdl.org www.ietdl.org converge to constants very quickly, and in addition, Figs. 9 and 10 also demonstrate that the estimator does not affect the effectiveness of the RAEC.
Conclusion
A new recursive method for non-linear RAC design is proposed in this paper for a class of non-linear systems that can be transformed into parametric feedback form. Compared with the conventional back-stepping method, the new method relaxes the requirements on the controlled systems such as the certainty equivalent principles and can be applied to a large number of non-linear systems in more common forms. The controller is also robust to model errors and external disturbances, and is adaptive to uncertain parameters as well. Based on this method, a new RAEC has been designed for power systems. Simulations on a 4-machine-2-area and the ECPS demonstrate that the controller can effectively improve the transient stability of interconnected power systems. www.ietdl.org
